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Affinity purification and subcellular localization of kinesin in

human neutrophils

Stephen W. Rothwell, Carolyn C. Deal,” Jay Pinto, and Daniel G. Wright
Departments of Hematology and *Bacterial Diseases, Walter Reed Army Institute of Research, Washington, DC

Abstract: Studies of granule-microtubule interactions in
human neutrophils have suggested that mechanochemical
ATPases such as kinesin or dynein may play a role in
granule mobilization during neutrophil activation by
inflammatory signals. In this study we show that proteins
extracted from the surface of neutrophil granules, found
* previously to contain microtubule-dependent ATPase ac-
tivity, caused microtubules polymerized from phospho-
cellulose-purified rat brain tubulin to move across glass
slides. Antibodies were generated against peptides based
on two regions of the amino acid sequence of Drosophila
kinesin: the ATPase active site (amino acids 86-99) in the
head of the kinesin heavy chain and the tail of the heavy
chain (residues 913-933). These artibodies were found to
recognize kinesin in rat brain extracts as well as kinesin-
like polypeptides in extracts of human neutrophils. Fur-
thermore, when used in immunoaffinity chromatography,
these antibodies permitted the isolation of a protein from
neutrophil granule extracts that was recognized by
Drosophila kinesin antibodies. Subcellular localization by
immunofluorescence microscopy showed this protein to
be associated principally with the cytoplasmic granules of
neutrophils. J. Leukoc. Biol. 53: 372-380; 1993.

Key Words:  newtmophils « kinesin + microtubules * peptides « granules

INTRODUCTION

The directed intracellular movement of secretory vesicles
and granules in most cells is now believed to be dependent
on discrete translocation systems composed of biological
polymers such as microtubules or actin filaments in conjuga-
tion with mechanochemical enzyme complexes that both link
the organelles to the polymers and propel them along this
underlying framework [1, 2].

Characterization of the molecular motors that provide the

. motive force for the translocation of secretory granules and
other intracellular organelles has proceeded rapidly. Work by
Adams and Pollard [3] and Kachar and Reese [4] has

- demonstrated the ability of myosin I to move organelles
along actin filaments. In a separate organelle translocation
system, the enzyme kinesin has been shown to mediate or-
ganelle movement along microtubules toward the plus end of
microtubule polymers [5], and cytoplasmic dynein has been
shown to mediate minus end-directed movement of or-
ganelles along microtubules [6].

Human neutrophils contain a heterogeneous population
of cytoplasmic granules that are mobilized for extracellular
secretion as well as fusion with endosomal vesicles and
phagosomes in response to external stimuli. Our previous in-
vestigations have shown that neutrophil granules interact
with microtubules in an ATP-dependent manner and that
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Pase activities characteristic of the vesicle-motor enzymes,
dynein and kinesin [7].

In this study we report that proteins recoverable by salt ex-
traction from intact neutrophil granules are capable of caus-
ing microtubule gliding at a slow but uniform rate of move-
ment. To investigate the composition of granule extracts, we
produced polyclonal antibodies generated against two dis-
tinct regions of the amino acid sequence of Drosophila kinesin.
These regions included the putative ATPase active site in the
head of the kinesin heavy chain and the organelle binding
site near the tail of the heavy chain [8). These artibodies
bound specifically to rabbit and rat brain kinesin as well as
to a kinesin-like protein in salt extracts of human neutrophil
granules and were used for athnity purification of the neu-
trophil kinesin-like polypeptide. Furthermore, when these
antibodies were used to label resting neutrophils for im-
munofluorescence microscopy, antibody labeling was found
to be localized to neutrophil granules as well as to the
microtubule network.

METHODS
Synthesis of peptides

Using the Drmsophila kinesin heavy chain sequence deter-
mined by Yang et al. [8], two peptide sequences were selected
for synthesis that correspond to the active site of the ATPase
in the head region (amino acids 86-99 = head) and a possi-
ble organelle binding site in the tail (amino acids 913-933 =
tail). The peptides were synthesized on an Applied Bio-
systems 530A (Foster City, CA) by the method of Merrifield
[9] using tert. Butyloxycarbonyl protected amino acids and
purified by reverse-phase high-performance liquid chromato-
graphy. The identity of the peptides was confirmed by amino
acid analysis.

Antibody production

Polyclonal antibodies were produced in male New Zealand
rabbits. The peptides were conjugated to keyhole limpet
hemocyanin with glutaraldehyde and mixed with phosphate-
buffered saline (PBS) and Freund’s incomplete adjuvant for
subcutaneous injection. Antibodies were isolated from the
rabbit serum using DEAE Affi-gel Blue (Bio-Rad Laborato-
ries, Richmond, CA) columns equilibrated in 20 mM Tris-
HCI containing 28 mM NaCl. Specific immunoglobins were
affinity purified using an affinity matrix prepared from Bio-

Abbreviations: BSA, bovine serum albumin; IgG, immunoglobulin G:
PBS. phosphate-buffered saline; PC, phosphocellulose: PEM. PIPES,
EDTA, MgCl; buffer; PMSF, phenylmethylsulfonyl fluoride. SDS-PAGE.,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
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Rad Af’ﬁ-gel Hz and bovine serum albumin (BSA)-peptide
conjugates. Antibodies were bound and eluted using the
Pierce Gentle Ag/Ab buffer system (Pierce, Rockford, IL).

Protein preparation

Neutrophils were isolated from the venous blood of healthy
volunteers by centrifugation through Ficoll-Paque (Pharma-
cia, Piscataway, NJ), followed by dextran sedimentation and
removal of residual red blood cells by hypotonic lysis as
described previously [10]. The cells were suspended in 10
mM PIPES, pH 6.9, 100 mM KCI, 3 mM NaCl, 1 mM
phenylmethyl sulfonylfluoride (PMSF), 0.1 mM leupeptin,
and 0.1 mg/ml aprotinin [11] containing 1 mM ATP and dis-
rupted by sonication or nitrogen cavitation. Unbroken cells
and nuclei were removed from the cell sample by centrifuga-
tion at 400g for 10 min. The cell extract was further fractio-
nated into cytosol and granules either by centrifugation
(14,000¢ for 20 min) or by passing the postnuclear superna-
tant over a Sepharose 6B column to separate intact granules
from cytoplasmic proteins. The granules were treated with
- 1 M KCI to extract granule-associated proteins and ex-
changed into either 100 mM PIPES, pH 6.9, 1 mM EGTA,
1 mM MgCl; with proteolytic inhibitors (PEM buffer) or
Pierce Gentle Binding Buffer (Rockford, IL) by gel filtration.
Protein samples from whole ccll extracts, cytosol, or granule
extracts were passed over affinity gels prepared using the
affinity-purified antibodies coupled to Affi-gel Hz (Bio-Rad
Laboratories) and eluted with Pierce Gentle Elution Buffer
to isolate immunoreactive polypeptides.

Kinesin was isolated from rat brains according to the
method of Johnson et al. [12]. Brains were homogenized in
100 mM PIPES, pH 6.94, 2.5 mM MgCl,, 5 mM EGTA, 0.5
mM EDTA, 1.0 mM S-mercaptoethanol, 5% glycerol, and
proteolytic inhibitors. The extract was enriched in kinesin by
ion exchange chromatography using Whatman P-11 phos-
phocellulose (PC) and the eluted proteins concentrated by
ammonium sulfate. The kinesin was further purified by a
modification of the microtubule binding procedure using
tripolyphosphate to enhance binding of kinesin to the
microtubules and then concentrated with a second P-11
treatment.

Bovine kinesin was also obtained as a purified protein
from D. Murphy (Johns Hopkins School of Medicine, Balti-
more, MD).

Microtubule motility assays

Tubulin for the microtubule gliding experiments was isolated
from bovine brain tissue [13] or chicken erythrocytes [14] in
0.1 M PIPES buffer containing 1 mM MgCl,, 2 mM EGTA,
1 mM GTP, and 4 M glycerol. The tubulin was purified free
of microtubule-associated proteins by ion exchange chro-
- matography using Whatman P-11 PC [15] and processed
through a cycle of microtubule assembly and disassembly
prior to use in order to remove any inactive subunits.
Microtubule assembly buffer was 0.1 M Na-PIPES at pH
6.94 containing 1 mM MgCl,, 1 mM GTP, and sup-
plemented with 5% glycerol. Microtubules were then poly-
merized from this protein preparation and stabilized with 10
#M taxol. Granule extracts (25 ul), prepared as above in
PEM buffer, were allowed to adhere for 30 s to glass covers-
lips and washed with PEM buffer, and then microtubules (6
pl, 0.1-0.2 mg/ml) and ATP (1 ul, 100 mM stock) were ad-
ded. Microtubule movement was viewed in an Orthaplan
microscope (E. Leitz, Rockleigh, NJ) equipped with = 100
x/1.32 numerical aperture NPL/Fluotar ICT objective and

a 12-V, 100-W tungsten halogen lamp. Images were projected
to a Hitachi video camera (Hitachi-Denshi, Tokyo, Japan)
and then further processed by an image processor (model
DS-580; Quantex, Sunnyvale, CA). The processed images
were recorded with a JVC CR 6060U 3/4-inch videocassette
recorder.

SDS-PAGE and immunobilotting

Conditions for sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) were as previously described by
Murphy and Wallis [14]). Proteins were fractionated on 10%
acrylamide/DATD (N, N -diallytartardiamide) gels, pH 8.8,
and transferred to nitrocellulose paper [16]. The papers were
incubated in solutions containing antibodies specific for the
different head or tail peptide or Drosophila kinesin (gift of Dr.
J. Scholey, University of California, Davis). Antibody-
antigen complexes were visualized after washing with Tris-
buffered saline containing 0.05% Tween-20 by addition of
100 mM Tris, pH 9.5, containing 100 mM NaCl, 5 mM
MgCl,, and 6.6 pl/ml of a stock solution of 50 mg/ml nitrob-
lue tetrazolium in 50% dimethyl formamide and 3.3 ul/ml of
a stock solution of 50 mg/ml 5-bromo-4-chloro-3-indolyl-
phosphate in 100% dimethyl formamide.

Immunofluorescence microscopy

Neutrophils in Hanks’ balanced salt solution without cal-
cium or magnesium (50 gl at concentrations of 1.4 to 2 mil-
lion cells per ml) were allowed to spread at 37°C for 25 min
on square glass coverslips. The coverslips were then in-
cubated for 30 s at 37°C in two changes of stabilization
buffer (100 mM PIPES, 1 mM EGTA, 5 mM MgCl,, 4%
polyethylene glycol 6000, 2.5 mM GTP) [17]. Cells to be la-
beled with kinesin antibodies were extracted in prewarmed
stabilization buffer containing 0.5% Triton X-100 for 2 min.
Extracted cells were fixed in a solution of 3% formaldehyde
for 8 min and then washed three times in PBS prior to the
application of the primary antibody. Affinity-purified an-
tikinesin antibodies prepared against peptides synthesized
using the sequence of the tail or head of Drsophila kinesin
was used at a 1:5 dilution. For microtubule labeling, cells
were extracted in prewarmed stabilization buffer containing
0.5% Triton X-100 for 8 min. When cells were double labeled
the cells were treated as for kinesin labeling. The decreased
extraction time with detergent limited the loss of kinesin but
slightly degraded the image of the microtubule staining. The
extracted cells were fixed in a solution of 2% formaldehyde
and 0.1% glutaraldehyde in PBS for 10 min and immediately
placed in sodium borohydrate (1 mg/ml) for 1 min. Cells
were then dehydrated in ~20°C methanol for 6 min, fol-
lowed by 1 min in -20°C acetone. The coverslips were
washed three times in PBS prior to the application of
primary antibody solution. For single-antibody staining of
microtubules a rabbit antitubulin antibody specific for
tyrosinated tubulin (gift of Dr. J. Bulinski, Coluiubia
University, New York) was used at a 1:250 dilution. For dou-
ble labeling of kinesin and microtubules, a rat antibody
specific for tyrosinated tubulin (Accurate Chemicals, West-
bury, NY) was used. Each coverslip was incubated with 50
pl of diluted antibody for 1 h in a humid chamber. Coverslips
were then washed three times for 5 min each in PBS prior
to the addition of the secondary fluorescent antibody. Then
50 ul of antirabbit immunoglobulin G (IgG) fluorescein
F(ab'), antibody (Boehringer Mannheim GmbH) or autirat
IgG rhodamine antibody (Pierce) at a concentration of 5
pg/ml was added to each coverslip. Coverslips were then in-
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Fig. 1. Antikinesin antibodies generated against synthetic peptides derived
from amino terminal (head) and carboxyl terminal (tail) sequences of
Drosophila kinesin and against intact Drosophila kinesin recognize kinesin in
kinesin-enriched rat brain samples. Lane A, silver-stained rat brain kinesin
preparation. [The major protein bands in the preparation are tentatively
identified as dynein (1), kinesin (2), bovine serum albumin (3), and tubulin
(4). BSA and tuiulin were added as carrier molecules.] Lane B, silver-
stained molecular w-ight markers; lane C, molecular weight markers, blot-
ted to nitrocellulose; lanes D and E, kinesin preparation probed with tail
kinesin antibodies raised in two different rabbits; lanes F and G, kinesin
preparation probed with head kinesin antibodies raised in two different rab-
bits; lane H, kinesin preparation probed with antibody against intact
Drosophila kinesin.

cubated for 1 h at 37°C in humid chambers. After washing
three times in PBS, coverslips were mounted on precleaned
slides (Esco Scientific Company, Portsmouth, NH) with Vec-
tashield (Vector, Burlingame, CA). The edges of the covers-
lips were sealed and slides refrigerated at 4°C until ready to
be viewed in a Leitz Orthoplan microscope. Pictures were
taken using Kodak Ektapress 400 film shot at 800 ASA.

For immunofluorescence staining of neutrophil granules,
the cells were disrupted by nitrogen cavitation and the cavi-
tated samples layered onto 30-60% continuous sucrose gra-
dients made using a Gradient Master gradient maker (Bi-
oComp, New Brunswick, Canada). The gradients were
centrifuged at 100,060g for 7 h and fractions containing
plasma membrane vesicles and cytoplasmic granules were
collected. Drops (50 ul) of the granules or vesicles were
placed on cleaned glass slides, fixed in a solution of 2% for-
maldehyde and 0.1% glutaraldehyde for 10 min, and im-
mediately placed in sodium borohydrate (1 mg/ml) for 1
min. The slides then were incubated with antibodies against
either kinesin or tubulin and washed with PBS before incu-
bation with the fluorescein-labeled antibodies as described
earlier.

RESULTS

Salt extracts of human neutrophil granules cause
microtubule gliding

The ability of protein preparations and cytoplasmic extracts
to move microtubules across glass coverslips has been used
as an indicator of thc presence of microtubule mwoior ewn-
zymes such as kinesin or dynein {18]. In initial studies, neu-
trophil cytosol, either unmodified or processed through se-
quential steps of incubation with microtubules and
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nucleotide extraction to enrich for ATP-sensitive p.roteins,
failed to cause microtubule gliding. However, when salt ex-
tracts of neutrophil granules were used in the microtubule
gliding assay, they were found to induce a slow but consistent
rate of movement (0.05um/s) that proceeded without detec-
table interruptions. This movement was reproduced using
microtubules from either bovine brain tissue or chicken
erythrocytes, indicating ability of the neutrophil-derived mo-
tor molecules to function with microtubules formed from
tubulin of different species.

Antikinesin peptide antibodies recognize neuronal
kinesin

To further define components of the salt-extractable granule
protein preparations, we produced polyclonal antibodies
generated against specific sequences of the Drosophila kinesin
molecule. These sequences were selected from regions near
the ATPase active site (amino acids 86-99) in the kinesin
heavy chain head and near the tail of the heavy chain
(residues 913-933). These areas of the molecule were as-
sumed to be essential to the normal functions of the molecule -
and, therefore, likely to be conserved across interspecies
boundaries.

As shown in Figure 1, the antibodies produced against
both the tail and head sequences recognized kinesin in
kinesin-enriched samples prepared from rat brain extracts.
Antibodies against the tail sequences (Fig. 1, lanes D and E)
in addition recognized three lower-molecular-weight bands
that were not detected by the antibodies against the head se-
quences (Fig. 1, lanes F and G). To confirm the specificity of
the antibodies, the binding pattern of the peptide antibodies
was compared to the bands recognized by an antibody
produced against intact Drsophila kinesin (Fig. 1, lane H).
All five antibody preparations were able to detect the kinesin
heavy chain.
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Fig. 2. Antibodies raised against different sequences from the head and tail
regions of Drosophila kinesin heavy chain recognize different polypeptide
fragments of purified bovine brain kinesin. Protein degradation was induced
in rat brain hinesin by freeze-thaw cycles and the polypeptides were proled
by immunoblotting with the tail and head kinesin antibodies. Lane 1, kine-
sin fragments probed with kinesin tail antibody: lane 2, kinesin fragments
probed with kinesin head antibody. The positions of molecular mass mar-
kers are indicated beside the blot.
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Fig. 3. Identical proteins are recognized in human neutrophil whole cell ex-
tracts and granule extracts by antibodies raised against both peptide se-
quences as well as antibodies against intact kinesin. Immunoblots against
whole neutrophil cell samples were performed with the following reagents:
lane 1, Drosophila kinesin antibody; lane 2, tail peptide antibody; lane 3, head
peptide antibody; lane 4, blocked tail antibody (before incubation with the
nitrocellulose strip, tail antibody was precubated with BSA-peptide con-
jugate for 1 h). Immunoblots against proteins removed from the exterior of
neutrophil granules by KCI extraction were performed with the following
reagents: lane 5, tail peptide antibody; lane 6, hea. peptide antibody.

5 6

Although both the tail and head kinesin antibodies recog-
nized the same intact molecule, it was clear that the antibod-
ies bind to different regions of the polypeptide. Bovine brain
kinesin (independently purified by the laboratory of D. Mur-
phy, Johns Hopkins School of Medicine) was also recognized
by the tail and head kinesin antibodies. When this form of
kinesin was subjected to several cycles of freeze-thawing, par-
tial degradation occurred and produced fragments of differ-
ent sizes. As shown in Figure 2, the head antibody recog-
nized principally a low-molecular-mass fragment. On the
other hand, the tail antibody recognized two larger frag-
ments, in addition to a polypeptide close in size to the intact
molecule. Analogous results were obtained when peptide an-
tibodies were blotted to kinesin preparations that had been
partially digested with chymotrypsin (data not shown).

Antikinesin peptide antibodies recognize kinesin-like
proteins in human neutrophils

The antikinesin antibodies were used to probe for the
presence of kinesin in neutrophil samples. Immunoblots of
whole neutrophil extracts showed that kinesin antibodies
against the head and tail kinesin sequences as well as
Drosophila kinesin reacted primarily with a protein with an
apparent molecule mass of 90-100 kd and several bands of
low molecular mass (Fig. 3, lanes 1-3). Blocking of the bind-
ing of the tail antibody to the protein bands was demon-
strated by incubation of the tail kinesin antibody with its cor-
responding bovine serum albumin (BSA)-peptide conjugate
(Fig. 3, lane 4).

Since the ATPase activity reported in our previous studies
was detected in protein samples recovered from neutrophil
granules following KCI extraction, samples prepared in this
manner were probed with the head and tail kinesin antibod-
ies. As in our experiments with whole neutrophil extracts,
the antibodies again detected protein bands in the 90-100 kd
range and at < 30 kd (Fig. 3, lanes 5 and 6) but not at the

position of 115 kd, where intact neural kinesin had been seen.
The protein band in neutrophil samples at 100 kd was ob-
served repeatedly using both sets of kinesin antibodies
despite the inclusion of high concentrations of proteolytic in-
hibitors in the buffers at all stages of sample preparation.

Purification of a kinesin-like protein from neutrophil
extracts by affinity chromatography

Isolation of the immunoreactive polypeptide from both
whole cell extracts and granule extracts was achieved by
affinity chromatography. As shown in Figure 4, a polypep-
tide of the same apparent molecular mass as observed previ-
ously in immunoblots of whole neutrophil samples and gran-
ule extracts was also isolated by affinity chromatography
from whole cell extracts of human neutrophils using both the
head and tail antibodies. However, despite the inclusion of
multiple proteolytic inhibitors, including diisopropyl
fluorophosphate, PMSF, aprotinin, chymostatin, and
leupeptin, the apparent molecular mass of the protein reco-
vered from the granule extracts (=95 kd) was consistently
lower that of the polypeptides recognized by immunoblotting
brain (115 kd). If the columns were isolating different proteo-
lytic fragments of similar size, one would not expect the anti-
bodies against the head peptide to recognize the protein iso-
lated by the tail kinesin antibody columnn or the tail peptide
antibody to recognize the protein recovered from the head
antibody column. However, the polypeptides collected from
affinity columns constructed using either the head or tail
kinesin antibodies were detected by both the head antibody
(Fig. 4A, lanes 5 and 6) and the tail antibody (Fig. 4B, lanes
4 and 5).

Subcellular localization of neutrophil kinesin

Immunofluorescence microscopy was performed using the
kinesin peptide antibodies to determine the subcellular loca-
tion of kinesin in human neutrophils. As shown in Figure
5C-F, immunostaining with the kinesin antibodies gave a
punctate pattern throughout the region of the cytoplasm.
Examination of the regions that were stained by the antikine-
sin antibodies suggested that the antibody binding was local-
ized to neutrophil granules (Fig. 5B and C). This hypothesis
was strengthened by the observation that extraction proce-
dures that completely removed the cell membranes also
eliminated kinesin-specific staining. When granules were
separated from cytosol and low-density plasma mem-
brane-derived vesicles, we saw that the antikinesin antibod-
ies were able to label the granules but not plasma membrane
vesicles (Fig. 6). Antitubulin antibody, run as a control, was
unable to label either granules or vesicles. This apparent
localization of kinesin to the cytoplasmic granules of neu-
trophils is in agreement with our previous demonstration of
a granule-associated kinesin-like molecule and microtubule-
dependent ATPase activity in human neutrophils [7]. This
finding is also consistent with the observations of Pfister et
al. [19], who found kinesin to be localized to the surface of
vesicles isolated from brain and epithelial cells.

A second question concerning the localization of kinesin
was whether kinesin was also associated with the microtu-
bules. Comparison of cells labeled only with antikinesin anti-
body to cells labeled onlv with antitubulin antibodics did a0t
inmecdiately indicate whether the kinesin could also be local-
ized to microtubules (Fig. 5). However, cells treated for op-
timal labeling of microtubules were subjected to extensive
detergent extraction, which removed the granule-associated
kinesin staining and, possibly, any kinesin associated with
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microtubules. On the other hand, cells treated for kinesin
staining were exposed to detergent only briefly, a technique
that preserved kinesin staining but did not yield clear
microtubule staining. Therefore, cells were double labeled
using a procedure that was a compromise between the two
extreme conditions. With this approach we detected a
filamentous staining pattern in cells incubated with the an-
tikinesin antibodies that matched the path of microtubules
labeled by antitubulin antibodies (Fig. 7).

DISCUSSION

In this study we produced specific peptide antibodies
directed against known regions of the Drosophila kinesin
molecule that may be critical to the normal function of this
protein. Using these reagents, we successfully identified
kinesin-like polypeptides in samples prepared from whole
human neutrophils and in extracts of neutrophil granules.

376 Journal of Leukocyte Biology Volume 53, April 1993

Fig. 4. Affinity chromatography isolates a
kinesin-like protein from human neutrophils.
Whole neutrophil cell samples were incubated
with affinity matrices coupled to antitail and an-
tihead kinesin antibodies. Proteins recovered
from the two columns were analyzed by SDS-
PAGE and immunoblotting. Panels A and B
represent two separate affinity purification ex-
periments. (A) Lane 1, prestained molecular
mass markers; lane 2, silver-stained molecular
standards (apparent molecular masses refer to
the silver-stained standards); lane 3, proteins
eluted from head antibody affinity column
(silver-stained gel); lane 4, proteins eluted from
tai} antibody affinity column (gel); lanes 5 and 6,
immunoblots against the proteins shown in lanes
1 and 2 using antibodies against tail peptides;
lane 7, prestained standards (equivalent to lane
1). (B) Lane 1, proteins eluted from head anu-
body affinity column (silver-stained gel): lane 2,
proteins eluted from tail antibody affinity
column (gel); lane 3, silver-stained malecular
standards; lanes ¢ and 5, immunoblots against
the proteins shown in lanes 1 and 2 using anti-
body against the head peptide.

5

Isolation of immunologically related polypeptides from both
whole cell preparations and granule extracts was then
achieved by affinity chromatography. We also obtained evi-
dence by immunofluorescence microscopy for binding of the
kinesin-like protein to neutrophil granules and microtubules
in situ. The immunofluorescence pattern of punctate stain-
ing is similar to that observed by Lin and Collins [20] for
cytoplasmic dynein in mouse 3T3 cells and Phister et al. [19]
for kinesin in PtK, cells and suggests that, in neutrophils, a
large proportion of the kinesin is associated with the gran-
ules. This staining pattern was further substantiated by the
immunofluorescent staining of isolated neutrophil granules.
It is interesting to note that, although most of the granules
were brightly stained, in any field of granules there were al-
ways some granules that were not labeled by the antibodies.
Plasma membrane-derived vesicles displayed no detectable
fluorescent labeling with either of the kinesin peptide anti-
bodies. Attempts to quantify the proportion of granular
versus cytoplasmic kinesin were unsuccessful because of the




Fig. 5. Immunofluorescence microscopy of human neutrophils using antibodies against kinesin and tubulin. After fixation, cells were incubated with an-
titubulin antibody (A), affinity-purified antikinesin head antibodics (C and D), or affinity purified antikinesin tail antibodies (E and F). (B) Corresponding
differential interference contrast image of (C). Arrows indicate clusters of granules in the two mic rographs labeled by the antikinesin antibodies. Bar, 0.6 jn
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almost undetectable levels of kinesin observed in cytosolic
samples by immunoblotting.

The localization of kinesin principally to the cytoplasmic
granules also agrees with the results of our previous en-
zymatic studies of microtubule-granule interactions in hu-
man neutrophils [18]. In earlier attempts to purify kinesin
from neutrophils using biochemical techniques, we failed to
detect microtubule-dependent ATPase activity in cytosol
preparations. However, neutrophil granules displayed meas-
urable microtubule-dependent ATPase activity that was ex-
tractable with 1 M KCI. In addition, as we report in this
study, these salt extracts were found to propel microtubules
across a glass surface. The levels of ATPase activity reco-
vered from granule extracts and the rate of microtubule glid-
ing induced by these extracts were low compared to these ac-
tivities reported in other studies of microtubule-based
molecular motors. This may reflect insufficiencies in the in
vitro system, such as absence of accessory proteins or post-
translational modifications of the neutrophil protein. In-
deed, the kinesin-like protein purified from neutrophils was
found to be smaller than the 115 kd reported for kinesin iso-
lated from brain tissue. In addition, in our previous studies
of neutrophil granule-associated ATPases we observed that
azido-ATP could be used to photolabel a 115-kd polypeptide
in the granule extracts {7}. This discrepancy in apparent
sizes could be accounted for by either partial proteolytic
cleavage or the presence in neutrophils, as in other eu-
karyotic cells [21], of multiple forms of kinesin with different
physical properties and different cellular functions. If a
cleavage event is occurring, there is also the question of
whether it is induced during purification of the molecule or
whether this modification has physiologic significance. Ex-
periments in which the cells were isolated and plunged
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Fig. 6. Immunofluorescence microscopy of vesi-
cles and granules isolated from human neu-
trophils. Neutrophil granules and low-density
vesicles (plasma membrane) were recovered from
disrupted cells and isolated on sucrose gradients.
The samples and antibody combination are: (A)
(B = corresponding DIC image), granules in-
cubated with antikinesin head antibodies; C (D
corresponding DIC image), granules in-
cubated with antikinesin tail antibodies; E (F =
corresponding DIC image), vesicles incubated
with antikinesin tail antibodies; G (H = cor-
responding DIC image), granules incubated
with antitubulin antibodies. Arrows indicate cor-
responding granules in matched pairs of micro-
graphs. Bar, 0.3 um.

directly into boiling denaturing and reducing buffer still
yielded samples containing the lower-molecular-weight form
of kinesin. This suggests that the smaller molecule exists in
the living cell but does not by itself distinguish between the
possibility of a posttranslational modification of a conven-
tional kinesin heavy chain and the existence of a smaller
kinesin transcript product. In blots of neutrophil samples,
the antikinesin antibodies often detected low-molecular-
weight proteins and binding to these protein bands could be
eliminated if the antibodies were incubated with the peptides
before exposure to the nitrocellulose membranes. This would
indicate that a cleavage event generates the low-molecular-
weight polypeptides.

The peptide antibodies generated in this study were
designed to bind to specific sequences located at either end
of the kinesin heavy chain molecule. Using the sequence data
for the Drosophila kinesin molecule as a guide, the removal of
the approximately 140 amino acid residues required to
reduce the molecular mass from the range of 115 kd to 100
kd may be expected to delete the sections of the polypeptide
containing the antibody sequences, since the head sequence
was only 83 amino acid residues from the amino terminus
and the tail sequence ended 42 residues from the carboxyl
terminus. However, the smaller form of kinesin was recog-
nized by both sets of peptides of kinesin antibodies.

In secretory cells, movement of organelles or granules is
only one component of an integrated series of cellular events
that are triggered by external stimuli and result in exocytosis
responses. Studies of vesicle and granule movement systems
have suggested a number of control mechanisms that involve
the formation and dissolution of protein complexes between
ATPases and accessory proteins. For example, a report by
Schroer and Sheetz [22] indicates that dynein-binding pro-




teins may modulate the ATPase activity of dynein in a man-
ner analogous to the effect of caldesmon on myosin II [23].
It has also been suggested that the kinesin light chain poly-
peptides that bind to the kinesin heavy chain may regulate
kinesin ATPase activity in a manner similar to the regulation
of smooth muscle myosin ATPase by myosin light chains
[23]. In addition, work by Thaler and Haimo [24] has
demonstrated a role for calcineurin phosphatase activity in
the regulation of pigment granule movement in the
microtubule-based translocation system of fish melanophores.

Neutrophils possess an exocytotic pathway that is highly
regulated and therefore may be experimentally useful for
defining mechanisms by which stimulus-responsive organelle
movement is controlled. In neutrophils, posttranslational
modification of granule-associated kinesin may affect the in-
teractions of this protein with accessory regulatory molecules
or organelle membranes and may modulate the formation of
translocation complexes, representing another form of
regulatory control over granule movement.
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